The development of blood supply is crucial to the growth and progression of breast tumors. However, the contribution and role of endothelial progenitor cells (EPCs) in blood vessel formation in human breast tumors is undefined. Here, we demonstrate for the first time that ~68% of the cells integrated into vasculatures in late stage human breast tumors express CD34 and CD133 (the putative EPC markers). We also demonstrate that metastatic human breast cancer and mouse mammary gland carcinomas (MGCas) aberrantly express granulocyte colony-stimulating factor (G-CSF). Inhibition of the MGCa-derived G-CSF significantly decreased the numbers of EPCs in circulation and tumor vasculatures, as well as microvascular density and growth of transplanted MGCa in mice. These results indicate that EPCs may significantly contribute to blood vessel formation in advanced stage, G-CSF-expressing breast tumors and that patients with G-CSF-producing breast tumors may benefit from angiotherapeutic protocols that inhibit G-CSF-mediated neovascularization.
INTRODUCTION
Recurrent and metastatic breast cancers account for a significant morbidity and mortality in women worldwide, and effective means of treating this subset of patients remain elusive [1] . Hence, much research has focused on the mechanisms by which breast tumors progress from early to late stages of the disease. An essential step in the growth and progression of breast tumors is their ability to induce the formation of new blood vessels through the elaboration of angiogenic factors [2] . The current dogma is that the new blood supply is formed through the process of angiogenesis, the sprouting, intussusceptions, or cooption of preexisting blood vessels [2] [3] [4] . An emerging hypothesis suggests that tumor blood vessels are also formed by a process termed postnatal vasculogenesis, which is the development of blood vessels from precursor cells through specific recruitment of circulating hematopoietic stem cell (HSC)-derived endothelial progenitor cells (EPCs) [5] [6] [7] . Several studies demonstrate that EPCs incorporate into tumor blood vessels at high frequency and that impairment of this process inhibits tumor angiogenesis and growth [7] [8] [9] [10] [11] [12] [13] [14] [15] . A more recent preclinical study by Gao et al. [16] also suggests that EPCs may play a pivotal role in the angiogenic switch of tumors and the progression from localized, avascular tumors to highly vascular and metastatic forms. However, some investigators have been unable to detect the integration of BM-derived EPCs within tumor vasculatures in experimental tumor models in mice (17) (18) (19) . Others report that the contribution of EPCs to vasculatures in diverse human and mouse tumors is [20] [21] [22] [23] . Consequently, the role of EPCs in tumor vascularization remains controversial [24, 25] .
Very few studies have investigated the process of vasculogenesis in human breast carcinoma and the role of this process in the growth and progression of breast tumors is in the early stage of definition. Because the extent of EPC incorporation into tumor vasculatures may vary depending on several factors, including the experimental model, host, tumor type, grade and stage of tumorigenesis [5, 6, 20, 23] , we reasoned that data obtained in other tumor tissues may not accurately reflect the level in breast tumors. Therefore, we quantified the numbers of EPCs integrated into vasculatures in archived, spontaneous human breast tumors and the factor(s) that affect the contribution of EPCs to vasculatures in breast carcinoma. Our results show that EPCs significantly contribute to blood vessels in late stage human breast tumors and mouse mammary gland carcinomas (MGCas). We also show that metastatic human breast tumors and mouse MGCas aberrantly expressed G-CSF in vivo and that suppression of the MGCa-derived G-CSF significantly decreased the numbers of EPCs in circulation and tumor vasculatures, as well as microvascular density (MVD) and growth of transplanted MGCas in mice. Blockage of estradiol signaling also reduced the numbers of EPCs in the circulation and tumor vessels.
To determine the influence of G-CSF on the proliferation rate of mouse MGCa in vitro, equal numbers of wt 4T1 and G-CSFshRNA-4T1 cells were plated in triplicates in six well plates and cultured for 7 days with medium change every 48 hours. At the end of the culture periods, the cell numbers in each well was determined by coulter counter and hemocytometer.
In Vivo Tumor Generation: Seven to ten weeks old (18 to 21 g) female BALB/c mice, syngeneic for the 4T1 cell line, were purchased from the National Cancer Institute Animal Program (Frederick, MD). The mice were housed in groups of 5 per cage in a specific pathogen-free facility (laminar flow cabinets), fed standard laboratory chow (Lab diet 5053; PMI, Brentwood, MD) and provided water ad libitum. Tumors were established in randomly sorted groups of animals by inoculating 0.1mL (1 10 5 cells) of wild type (wt) 4T1, G-CSF shRNA-, or scrambled shRNA-expressing 4T1 cells suspended in sterile phosphate buffered saline (PBS) into the first right thoracic mammary fat pad (MFP) of each mouse. During preliminary studies, groups of parental (wild type [wt]) 4T1 and G-CSF shRNA-4T1 tumor-bearing mice were sacrificed weekly over a 6-week period after tumor cell transplantation to assess the stage of tumorigenesis. Parental 4T1 tumors became palpable 6-8 days after tumor cell implantation and lung metastasis was usually evident by day 14.
To study the potential effect of the anti-estrogen, fulvestrant (Faslodex; AstraZeneca, Cheshire, U.K), on EPC levels in tumor-bearing mice, cohorts of 5 wt4T1 tumorbearing mice were randomly assigned into two groups. Two weeks after tumor cell implantation, one group received the vehicle for fulvestrant vehicle while the other group received fulvestrant by subcutaneous injection at a dose of 5mg twice a week for one week. The dose of fulvestrant used had been previously determined to be maximally effective in reducing circulating EPC levels in wt4T1 tumor-bearing mice during the preliminary studies. In another study, the experiment was repeated as described above except this time ovariectomized BALB/c mice were transplanted with 1 x 10 5 wt4T1 cells and treated with fulvestrant for one week.
The MMTV-c-Myc and MMTV-ErbB2 transgenic models, on an FVB background have previously been described (26, 27) . Mice expressing c-Myc acquired mammary tumors with a mean tumor onset age (T50) of 313 ± 90 days (range, 200 -410) while mice expressing ErbB2 had a mean tumor onset age of 212 ± 46 days (range, 174 -326). Tumorbearing mice were sacrificed four or more weeks after a tumor was first palpated or when the tumor size reached 7-10% of the animal's body weight. The Protocols for husbandry and experimental manipulation were approved by the Georgetown University Animal Care and Use Committee, and the NIH-Centers for Disease Control biosafety level 2 containment procedures (ABSL2) were observed.
Tissue Harvest: At designated time points, cohorts of tumor-bearing and control mice were anesthetized and peripheral blood obtained for the determination of plasma serum levels of growth factors, complete blood count (CBC) with differentials, and low-density mononuclear cells. Thereafter, the mice were euthanized using CO 2 from a tank followed by intracardiac perfusion with 0.9% NaCl and then by 4% paraformaldehyde in PBS (pH 7.4). Subsequently, various organs including lungs, primary tumors and/or mammary tissues were excised and fixed for 2 4 h in 4% paraformaldehyde, equilibrated for 48 h in 15% sucrose in PBS, embedded in OCT compound (Miles Scientific, Elkhart, IN), and snap frozen in dry ice. Six microns thick frozen sections were mounted on silane-coated glass slides, air-dried for 1 h, post-fixed in paraformaldehyde or acetone, and processed for histopathological and IMF analyses using standard methods. Tissue samples were also fixed in buffered formalin for 4 -24 hours and embedded in paraffin for additional analyses.
Isolation of Peripheral Blood Leukocyte (PBL):
Peripheral blood was obtained from anesthetized animals by terminal cardiac puncture and collected into EDTA tubes (Sarstedt Inc.; Newton, NC). Peripheral blood for serum extraction was collected into anti-coagulant-free tubes from the same vendor. An aliquot of non-clotted blood from each mouse was analyzed for peripheral blood leukocyte (PBL) and differential cell counts using standard methods (Antec Diagnostics, Inc. Rockville, MD). Thereafter, peripheral blood mononuclear cells (PBMNCs) were isolated from the blood as previously reported [28] . Briefly, blood samples from mice in the same study group were pooled and treated with ACK lysing buffer (Biofliuds, Rockville, MD) to remove the red blood cells. The blood samples were pooled due to the small volume of samples obtained from individual mouse and the low frequency of colony forming units in culture (CFU-c) in the control mice. The PBMNC population was separated from whole blood using mouse Fico/Lite TM -LM (density 1.086 g/ml; Atlanta Biologicals, Norcross, GA), following the manufacturer's instructions. The PBMNCs isolated were washed twice in culture medium (CM), consisting of RPMI-1640 (Biofliuds, Rockville, MD) supplemented with 10% fetal calf serum, 2 mM glutamine, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, 5 x 10 -5 M -mercaptoethanol, 100 units/ml penicillin and 100 Pg/ml streptomycin (Biofluids, Rockville, MD). The cells were counted and viability determined by trypan blue exclusion.
Determination of Plasma Levels of Growth Factors:
The levels of G-CSF, vascular endothelial cell growth factor (VEGF), acidic fibroblast growth factor (FGF-1), fibroblast growth factor basic (FGF-2), transforming growth factorbeta 1 (TGF-ß1), Flt3 ligand, and stem cell factor (SCF) in the plasma of the animals or in the culture media of 4T1 cells were assayed by enzyme-linked immunoabsorbance assay (ELISA; Quantikine RD Systems, Minneapolis, MN), following the manufacturer's instructions. The minimum detectable levels of G-CSF, VEGF, FGF-1, FGF-2, TGF-ß1, Flt3 ligand, and SCF were 5, 3, 1.19, 3, 7, 5, and 5pg/ml, respectively.
Assay for Hematopoietic Stem Cells
The numbers of hematopoitic stem/progenitor cells (HSCs), and EPCs within the mononuclear cell population of peripheral blood from each study group were assessed using the standard CFU-c assay for HSCs [28] and CFU-EPC assay [29] . For the CFU-c assay, an aliquot of fresh PBMNC obtained from each study group was added to semisolid methylcellulose medium "complete" with recombinant erythropoietin and cytokines for colony assays of murine hematopoietic cells, (MethoCult TM GF M3434, Stem Cell Technology Vancouver, Canada) at a concentration of 1 x 10 4 cells per ml. Following vortexing, the tubes were allowed to sit for ten minutes to allow air bubbles to rise. Onemilliliter aliquots of the cell/methylcellulose suspension were then dispensed into each of two sterile 35-mm dishes (Costar, Cambridge, MA). The 35-x 10-mm dishes, and a third 35-mm dish (without a lid) containing sterile water, were placed in a 100-x 15-mm Petri dish, covered to maintain an adequately humidified atmosphere, and incubated at 37 o C in a humidified atmosphere of 5% CO 2 . On day 10 after culture, the number of all colony types, including CFUgranulocyte, macrophage (CFU-GM), CFU-erythroid (CFU-E), and CFU-mixed (CFU-GEMM), with greater than 50 cells, was enumerated as total CFU-c using an inverted microscope. The colonies were scored according to standard morphological criteria [28] and the absolute number of circulating CFU-c per milliliter of blood was calculated by multiplying the frequency of CFU-c by the total number of PBMNCs.
For CFU-EPC assay, mononuclear cells were plated in Endocult medium as previously described [29] . Briefly, 1 x 10 6 cells/cm 2 were seeded on fibronectin-coated slides (Biocoat). Cells were allowed to differentiate in endothelial growth medium-2 (EGM-2) (Clonetics) containing VEGF-A, FGF, IGF-1, EGF, hydrocortisone, ascorbic acid, gentamicin and amphotericin-B, heparin, 1% gentamicin/ streptomycin (Invitrogen Corp.), and 5% FBS. Medium was changed every other day. After 5 days of in vitro culture, cells were incubated in 10 g/ml dioctadecyl-3,3,3',3'-tetrametylindocarbocyanine perchlorate-labeled acetylated LDL (Ac-Dil-LDL; Biomedical Technologies Inc.) for 5 hours, and Ac-Dil-LDL-positive cells were photographed at 560 nm on a Nikon Eclipse Fluorescence microscope (Nikon). Ac-Dil-LDLpositive cells in 10 low-power fields were counted for each animal. For the quantification of the CFU-EPCs, EPC colonies with 50 cells or more were counted on day 7 of culture. The identity of EPCs was confirmed by Dil-labeled acetylated low-density lipoprotein and VEGF receptor-2 expression.
Flow Cytometry: Three-color fluorescence-activated cell sorting (FACS) analysis was used to determine the phenotype of cells within the peripheral blood leukocyte (PBL) product. Prior to staining, red blood cells in the samples were lysed using FACS lysing buffer (Becton Dickinson, Mountain View, CA). Then an aliquot of PBL obtained from mice in each study group was counted and adjusted to 2 x 10 7 /ml in FACS buffer (phosphate-buffered saline [PBS] containing 0.3% of sodium azide and 0.5 % bovine serum albumin). Aliquots of 50-Pl (~ 1 x 10 6 cells) of the PBL were pretreated with anti-mouse CD32/CD16 (PharMingen, San Diego, CA) monoclonal antibody in order to block Fc receptors and reduce background staining before staining with the specific antibody. Thereafter, the cells were incubated on ice with a monoclonal antibody cocktail against mouse leukocyte antigens consisting of three directly-labeled antibodies (one with fluorescein [FITC] or Alexa 488, the second with phytoerythrin [PE] , and the third with CyChrome) for 30 minutes. The following anti-mouse monoclonal antibodies (MoAbs) were used for staining: CD45 (Ly-5; common Leukocyte antigen), Gr-1 (myeloid marker), CD3 (Pan T cell), B220 (B cell), CD4 (T helper cell), CD8 (cytotoxic T cell), DX5 (pan-NK cell), Ly-6A/E (Sca-1), CD117 (c-kit Assessment of Tumor Size and Angiogenesis. Tumor size was measured weekly with an Absolute digital caliper and tumor volume was calculated using the formula for the volume of a hemi-ellipsoid;Volume = length x width x height x 0.5236 [31] . Microvessel density (MVD) was quantified by counting the total numbers of vWF-stained microvessels across whole sections of tumors (n = 4 -6 per group). Two serial sections were utilized for the evaluation of each tumor. A hematoxilin and eosin section was prepared in order to examine the histologic features of the tumor and a vWF stained section was used to perform the actual MVD quantification. Sections were evaluated with a compound microscopy (Nikkon, Garden City, New York) and MVD was quantified in 0. 25 FFPE sections of both human and mouse tissues as well as frozen sections of mouse MG tissues were studied. A heat-induced epitope retrieval treatment was first performed on the 5 m FFPE sections by incubating the sections in citrate buffer with 5% TWEEN 20 (pH 6.0) at 100 o C for 20 minutes and allowing them to cool for 20 minutes prior to staining. The sections were then incubated in 0.02 M PBS (pH 7.4) containing 10% normal goat serum and 0.25% triton x-100 for 30 minutes at room temperature. Then the slides were rinsed in 1x PBS with 10% normal goat serum for 3 X 5 minutes at room temperature and incubated with the primary antibody (polyclonal rabbit or mouse antihuman) overnight at 4°C. The primary antibody was diluted according to the manufacturer's suggestions with PBS containing 2% goat serum. The slides were then rinsed as above and incubated with Cyanine 3 (Cy-3) or Cy-5-conjugated anti-rabbit secondary antibody (Invitrogen/Molecular Probes, Cat # A11035;A211244;), goat anti-mouse (Zymed cat.# 81-6515; 81-6516), and biotin-conjugated goat anti-rat IgG (H+ L) for thirty minutes, followed with another thirty minutes incubation in FITC or Alexa-conjugated streptavidin (Zymed cat # 48-8311/48-8315) at room temperature. Sections were then washed and mounted in Vectashield aqueous mounting medium for fluorescence microscopy containing 6-diamidino-2-phenylindole (DAPI) (Vector Labs Inc, Burlingame, CA) as a nuclear counter stain. Negative controls were performed in each immunostaining assay to ensure the specificity of fluorescent immunostaining by incubation with isotype-matched antibodies or replacement of primary antibody with a non-immune rabbit IgG. Further evidence for absence of cross-reactivity of secondary reagents with tissue elements was evaluated by omissions of primary antibodies. Positive control tissues were also included in the immunostaining assays for each primary antibody.
Additionally, frozen sections of normal mouse mammary glands and MGCas were processed for IMF staining as follows: Sections were first incubated in 0.02 M PBS (pH 7.4) containing 10% normal goat serum and 0.25% triton x-100 to permeabilize the cells for 30 minutes at room temperature. Then, the slides were rinsed in 1x PBS with 10% normal goat serum for 3 x 5 minutes at room temperature and incubated with primary antibody (polyclonal rabbit anti-human) diluted to a concentration of 1:500 with PBS containing 2% goat serum overnight at 4°C. The slides were then rinsed as above and incubated with Cyanine 3 (Cy-3)-conjugated antirabbit secondary antibody (Zymed, Cat # 43-8311) and biotin-conjugated goat anti-rat IgG (H+ L) for thirty minutes, followed with another thirty minute incubation in FITCconjugated streptavidin at room temperature. Sections were then washed and mounted in Vectashield aqueous mounting medium for fluorescence microscopy containing DAPI as a nuclear counter stain (Vector Labs Inc., Burlingame, CA).
The extent of neovascularization was assessed semiquantitatively by determining capillary density of the tumors using light microscopy [32] . Sections were first evaluated with an Olympus BX61 confocal microscope, and representative areas photographed. Vessels were then identified under low magnification (X10), after which they were quantified with higher (X20) magnification using a linear encoded motorized XY stage (Prior, NJ). At least 20 fields were quantified in four different tumor sections of each tissue sample. The number of capillary vessels per square millimeter of tumor tissue was quantified using X10 eyepieces equipped with 10 1 mm by 10 1 mm graticule and was expressed as a percentage of area of the grid. For controls, 30 fields were analyzed in 4 different tumor samples. At least 40 fields were counted in 3 tumor sections for each 3-5 animals in each experimental group, and significance was analyzed using the student's t-test. The observers were blinded to the identity of the slides.
Immunohistochemistry (IHC):
CD31 Immunohistochemistry was performed on 5 microns thick, FFPE, mouse MG tissue sections using monoclonal rat anti-mouse CD31 and rat detection kit for anti-mouse CD31 from BIOCARE Medical (Concord, CA) following the manufacture's protocol. Negative controls included incubation with isotypematched antibodies. Further evidence for absence of crossreactivity of secondary reagents with tissue elements was evaluated by omissions of primary antibodies. Positive controls for the human samples consisted of human tonsils, Jurkat and Raji cells while positive controls for the mouse tissues included mouse kidney, lung and colon sections.
Quantification of G-CSF and VEGF protein Expression:
The presence of G-CSF and VEGF proteins were determined by IMF in FFPE human breast tissues and mouse mammary glands using monoclonal primary antibodies that recognize human and mouse antigens. For G-CSF assay, the human tissue samples were stained with an affinity purified goat polyclonal antibody (N-20; sc-1318; Santa Cruz Biotechnology, Inc., Santa Cruz, California) raised against a peptide mapping at the N-terminus of mature G-CSF of human origin while the mouse tissues were stained with goat anti mouse polyclonal antibody (E-19) raised against a peptide mapping near the C-terminus of G-CSF of mouse origin. For VEGF-A protein, both mouse and human tissues were stained with a rabbit polyclonal antibody raised against amino acids 1-140 of the human VEGF (147: sc-507; Santa Cruz Biotechnology, Inc.) or mouse monoclonal (VG-1) to VEGF (Abcam Inc, Cambridge, MA; cat # ab1316). Following heat-induced epitope retrieval (mouse tissues) or 1mM EDTA treatment for 10 min followed by 10 min cooling at RT (human tissues), the 5 m sections were then incubated in 0.02 M PBS (pH 7.4) containing 10% normal goat serum and 0.25% triton x-100 for 30 minutes at room temperature to permeabilize the cells and block non-specific secondary antibody binding. Then the slides were rinsed in 1x PBS with 10% normal goat serum for 3 X 5 minutes at room temperature and incubated with the primary antibody (polyclonal rabbit anti-mouse) diluted to the concentration suggested by the manufacturers in ZYMED antibody diluent (Invitrogen, San Francisco, CA) overnight at 4°C. The slides were then rinsed as above and incubated with Cyanine 5 (Cy-5)-conjugated anti-goat, anti-rabbit, or anti-mouse secondary antibody (Alexa Fluor 647IgD (H + L; Invitrogen/Molecular Probes, Cat # A211244;) for thirty minutes at room temperature. Sections were the washed and mounted in Vectashield aqueous mounting medium for fluorescence microscopy containing DAPI as a nuclear counter stain (Vector LABS). Negative controls were performed to ensure the specificity of fluorescence immunostaining by replacing primary antibody with a non-immune rabbit IgG. Positive controls included human bladder, kidney, and hemangiosarcoma. After staining, the sections were examined with an Olympus BX 61 confocal microscopy, and representative areas were photographed using 20x objective. Expression of the G-CSF or VEGF protein was determined by quantifying fluorescence intensity using version 1.37m of "IMAGEJ" as we previously described [32] . At least 10 fields were quantified in three different sections for each of the 5 animals in each experimental group. Statistical analysis was performed with SPSS 13.0 software as described below. Data were expressed as mean ± standard error. The average intensity of fluorescence was quantified by examining 10 one square millimeter fields for each genotype and antibody. The intensity for each 1x1 mm field was averaged to produce an "intensity" value for entire image. ANOVA was used to assess any differences in gene expression/IHC staining intensity in animals with different genotypes.
Statistical Analysis:
The student's t test was used to compare the values between control and experimental groups. The Kaplan-Meier method was used to construct survival curves and a log rank test was used to compare the probability of survival between pairs. A p value of less than 0.05 was considered to be statistically significant. All analyses were done with SPSS 11.5 software. Because values obtained in the control groups (normal Balb/c mice; nontransgenic FVB mice; and age-matched, non-tumor bearing cMyc or erbB2 transgenic FVB littermates) were similar, their individual values were combined, mean ± SEM determined, and results presented as a single value for the control groups. Results are presented as mean ± SEM.
RESULTS

Endothelial Progenitor Cells Integrate Into Vasculatures in Human and Mouse Breast Tumors at High Frequency
To determine whether EPCs integrate into vasculatures in breast tumors, we examined the vessels in normal human breasts and samples of spontaneous human breast tumors at various stages of growth (Supplemental Table 1 ) for the presence of cells expressing the EPC markers, CD34 and CD133 [5-7, 33, 34] and for CD105, a marker for newly derived blood vessels [35] . IMF-stained tissue sections were blindly scored and cells in l00 vessels of each tissue were scored as mature endothelial cells (ECs) if they express only vWF, or EPCs if they are CD34 and CD133 positive with or without vWF expression. Cells expressing CD34 alone were classified as stem cells. Tumor vessels were first identified under low (20X) magnification. Then, the number of cells co-expressing CD34 and CD133; CD34 and vWF; or CD34, CD133, and WF incorporated into the lumen of the tumor vessels were determined using an Olympus BX 61 confocal microscope with 40x or 60x objectives.
In histological-normal human breast, skin, and lymph node samples, all vascular ECs stained positive for vWF, a marker for mature EC [36, 37] (Figs. 1A-1D) . Vessels in the normal breast were also positive for -SMA but not CD34, CD133, or CD105 (Figs. 1A and 1B) . In DCIS, well differentiated, and poorly differentiated ductal tumors, about 6%, 1%, and 3% of the vascular cells, respectively, stained positive for CD34 and CD133 (Supplemental Table 2 and Supplemental Fig. 1) . In contrast, about 68% of the cells in the metastatic tumor vessels expressed CD34 and CD133 (Supplemental Table 2 and Supplemental Figs. 2A-2D ). Another 9.7% of the vascular cells in these tumors were CD34 + alone (Supplemental Table 2 ). The CD34 and CD133 positive cells also expressed CD11b, CD105, and CD31 (Supplemental Figs. 3A-3D ), but not -SMA, suggesting that they are newly derived blood vessels [35] . Notably, the numbers of EPCs in the vasculatures of primary metastatic breast tumors were significantly lower than those in the vasculatures of lymph node tumors from the same patient (15.3% vs. 68.3%, Supplemental Table 2 ).
To compare the levels of EPCs incorporated into blood vessels in human breast tumors and those in mouse models of breast cancer, we quantified the numbers of EPCs in the vasculatures of normal and neoplastic mouse mammary glands (MGs). For these studies, we employed both transplantable and autochthonous mammary gland carcinomas (MGCas) since substantial differences may exist between the two types of tumors with respect to the levels of EPC incorporation into their vasculatures [22] . Tumor cells in all the three models had ER, PR, and HER-2/neu expression profiles that were similar to those in the metastatic human breast tumors (Supplemental Tables 1 and 3 express little amounts of CD34 [38, 39] , we used c-kit, Sca-1, and CD133 expression to identify EPCs. Thus, cells expressing vWF alone were classified as mature ECs and cells that were CD133/ c-kit/ Sca-1 positive with or without vWF expression were scored as EPCs. Cells expressing c-kit and/or Sca-1 alone were scored as stem cells. All ECs in the normal MG vasculatures of both Balb/c and FVB mouse strains expressed only vWF and were CD105 negative (Figs.
2A & 2B and Supplemental Table 4 ). These vascular cells were also c-kit, Sca-1, and CD133 negative (data not shown). In contrast, vessels in transplanted wt4T1 and autochthonous c-Myc and ErbB2 tumors were CD105 positive ( Fig. 2C and Supplemental Fig. 4) . Some CD105 + vessels were also positive for vWF and/or CD133 ( from vWF + or vWF + / CD105 + vessels, which were commonly located towards the periphery of the tumors, or in the connective tissue adjacent to the tumor (Fig. 2E) . About 76%, 22%, 14%, and 3% of the cells integrated within the vessels of the wt4T1, c-Myc, ErbB2, and GshRNA-4T1 tumors, respectively, stained positive for c-kit, Sca-1, and CD133 (Supplemental Table 4 [40, 41] . These EPCs were also CD31 positive (Supplemental Fig.  13) , consistent with the observations that both ECs and EPCs express CD31 [33, 42, 43] .
Advanced Stage Mouse and Human Breast Tumors Express G-CSF, but not VEGF-A
To gain an insight into the regulation of EPCs in breast tumors, we analyzed the peripheral blood of normal and MGCa-bearing mice for levels of common angiogenic growth factors and cytokines. Because malignant tumors may elaborate multiple angiogenic factors at different stages of growth or switch to production of other angiogenic molecules when treated with anti-angiogenic agents [3, 44, 45, 46] , we assessed the levels of seven major molecules known to induce HSCs and/or angiogenesis. In wt 4T1 tumorbearing mice, plasma G-CSF levels were 58.6-fold higher than in the non-tumor bearing controls (p< 0.001) and 10-fold higher (p < 0.01) than in the GshRNA-4T1 tumorbearing mice ( Table 1) . The level of G-CSF was also consistently elevated in tumor-bearing c-Myc and ErbB2 transgenic mice (Table 1) . Notably, G-CSF levels in the fluids recovered from the tumor sites in ErbB2 transgenic mice were 54-fold higher than the plasma concentrations of the cytokine in the animals (data not shown). The plasma concentrations of biologically-active TGF-beta were also elevated in the wt 4T1 tumor bearing animals. However, the levels of VEGF, basic FGF, acidic FGF, stem cell factor, and Flt-3 ligand were similar in all the study groups ( Table 1) , except tumor-bearing, ErbB2 transgenic mice, which had significantly higher levels of plasma VEGF (p < 0.05) than the non-tumor bearing littermates ( Table 1) .
To determine the cellular origin of the aberrant G-CSF in MGCa-bearing mice, we performed IMF staining on the MGCa tissue sections with anti-mouse G-CSF antibodies. Supplemental Fig. (14) shows that mouse MGCa cells expressed G-CSF, confirming the ELISA data presented in Table 1 ) and our earlier report [47] . In order to test the relevance of these findings to the human breast tumors, we analyzed the human breast tissue samples for the levels of G-CSF and VEGF-A expression using IMF technique since blood samples of the human subjects and breast cancer patients were unavailable. As shown in Supplemental Fig. 15 , normal human breast tissues were negative for G-CSF expression, supporting a recent report that normal mammary epithelial cells do not express G-CSF [48] . In contrast, we found that human breast cancer expressed G-CSF (Supplemental Fig. 15 ) and that the levels of G-CSF expression in the tumor samples increased with the stage of tumors (Supplemental Fig. 16A) . This finding, which is consistent with a recent report demonstrating G-CSF expression by ER negative breast tumors [48] , suggests that elevated plasma levels of G-CSF seen in breast cancer patients [49] is likely to originate from the mammary tumor cells themselves. Curiously, the G-CSF-expressing, metastatic human breast tumors were negative for VEGF-A (Supplemental Fig. 16A  and 16B) , a potent angiogenic stimulant that is expressed in normal mammary epithelial cells [50, 51] and overexpressed in breast and other cancers [2-6, 44, 50-52] .
Breast Tumor-derived G-CSF Increases Peripheral blood leukocytes (PBLs), Hematopoietic Stem Cells (HSCs), EPCs, and ECs levels in Mice G-CSF produced under physiological conditions plays a critical role in the generation of HSCs, myeloid progenitor cells and neutrophils [53, 54] . Therefore, we quantified the levels of circulating PBLs, HSCs, EPCs and ECs in the MGCa-bearing mice in order to determine whether breast tumor-derived G-CSF is biologically active. As expected, the numbers of PBLs ( Table 2 ) and granulocytes (Supplemental Table 5 ) were significantly increased (p < 0.05) in mice with G-CSF-producing MGCas when compared to numbers in the non-tumor bearing mice. FACS analyses of the PBLs (Sup- 
EPCs Contribute to Vasculatures in Breast Tumors
The (Table 3) . Similarly, there was a 114-fold increase in the number of CFU-c colonies (a measure of HSC activity) ( Table 3) . We also found a 115-, 9-9-, and 27-fold increase in the numbers of total EPCs, ECs, and CECs, respectively (Fig. 3A) , as well as a 40-fold increase in CFU-EPCs (Fig. 3B) in wt 4T1 tumor-bearing mice when compared to the non-tumorbearing mice. The levels of EPCs, ECs, CECs, and CFUEPCs were also significantly increased in the c-Myc and ErbB2 tumor-bearing mice (Figs. 3A & 3B) . Downregulation of the tumor-derived G-CSF significantly decreased the levels of PBLs, HSCs, and EPCs to the normal range (Tables 2 & 3, and Figs. 3A & 3B) , indicating that the tumor-derived G-CSF is biologically active.
Inhibition of Estrogen Signaling Decreases EPCs Levels in MGCa-Bearing Mice
In view of the reports that estrogen increases EPCs in women and mice [55] , and also promotes angiogenesis in mouse experimental breast cancer model [56] , we assessed the effects of the anti-estrogen, fulvestrant (faslodex) and ovariectomy, on the levels of EPCs in circulation and tumor vasculatures. One week after fulvestrant treatment of wt4T1 tumor bearing mice, peripheral blood and tumors were harvested from the mice and analyzed for the levels of total PBLs, HSCs, and EPCs. In vehicle and fulvestrant-treated, wt4T1 tumor-bearing mice, the levels of PBLs were similar (24.14 ± 0.99 x 10 6 /ml vs. 23.91 ± 2.47 x 10 6 /ml). However, the number of circulating CD45 -/c-kit + /Sca-1 + HSCs and CD45 + /CD11b + /VEGFR-2 + EPCs were significantly reduced (p<0.001) in fulvestrant-treated mice when compared to vehicle-treated, wt4T1 tumor-bearing mice (Figs. 4A) . Similarly, the level of EPCs integrated into blood vessels in wt4T1 tumors from fulvestrant-treated mice was significantly reduced (p<0.001) compared to the untreated, wt4T1 tumor-bearing group (Figs. 4B & 4C and Supplemental Table 4). However, microvascular densities and volumes of the tumors were not significantly different in the two groups (data not shown). Similar results were obtained in ovariectomized mice transplanted with wt4T1 cells (data not shown), indicating that estrogen may play a role in the high percentage of EPCs in the vessels of these human and mouse breast tumors.
Breast Cancer Derived G-CSF Increases Tumor Microvascular Density (MVD) and Growth in vivo
To explore the relationship between the tumor-derived G-CSF and tumor vascularity and growth, we determined the MVD and growth of 4T1 cells in vitro and in vivo before and after small hairpin RNA inhibition of tumor-derived G-CSF. The MVD of wt 4T1 tumors was significantly higher than the MVD of GshRNA-4T1 tumors (54.4 ± 8.2/mm 2 vs. 9.4 ± 2.3 mm 2 ; p<0.01) (Figs 5A-5D ). In vitro, the growth of wt 4T1 and GshRNA-4T1 cells were similar (Supplemental Fig.  18) . However, in vivo, the growth of wt 4T1 cells was significantly higher (p < 0.01) than those of the GshRNA-4T1 cells (Fig. 6) ; the lungs of wt4T1 tumor-bearing mice contained numerous metastatic deposits while lungs of GshRNA-4T1 tumors were free of both macroscopic and microscopic tumor deposits (data not shown). Interestingly, there was a direct correlation between tumor size (growth) and plasma levels of EPCs and G-CSF (Supplemental Table  6 ). We also found a direct correlation between tumor size and the number of EPCs in the tumor vasculatures in all the three mouse models of breast cancer studied (data not shown). Moreover, although death was not an endpoint in these studies, all the untreated wt 4T1 tumor-bearing animals died by day 42. In contrast, the GshRNA-4T1 tumor-bearing mice exhibited prolonged survival with a median of 42 days (P< 0.05) (Fig. 7) . Collectively, these data demonstrate that breast tumor-derived G-CSF and estrogen may promote high MVD and growth of breast tumors by increasing the circulating and tumor levels EPCs and ECs.
DISCUSSION
Blood vessels are formed by two distinct processes: angiogenesis and vasculogenesis [57] . While there is a consensus on the essential role of the angiogenic process in the development of tumor blood vessels, relatively little is known about the part that vasculogenesis plays due to lack of reliable markers to differentiate EPCs from HSCs, mature (terminally differentiated) endothelial cells, or other cell types [5, 6, 33] . In the present study, we have used co-expression of CD34 and CD133 (HSC antigens) with vWF (an endothelial cell-specific marker) and localization within the wall of a blood vessel (the primary functional assay for endothelial cells) to positively identify and quantify the numbers of putative EPCs in human breast tissues and mouse mammary glands. Our results demonstrate for the first time that EPCs integrate into vasculatures in metastatic human breast cancer at high frequency. Data in supplemental Figs 
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+ CD133 + cells), and a maturing group that expresses both stem/progenitor cell markers (CD34/CD133) and vWF. Because the tissues were examined at a single time point and EPC maturation is a dynamic and continuous process with variations in antigen expression at the different stages of development, the actual percentage of EPCs integrated within the tumor vasculature could be higher than detected.
We found that vasculatures in DCIS, well-and poorly differentiated ductal tumors had low numbers of EPCs (Supplemental Table 2 ) whereas vasculatures in the more advanced human tumors (invasive DCIS and metastatic breast carcinoma) and the mouse mammary gland carcinomas displayed high percentages of EPCs. These findings are in agreement with the earlier report demonstrating that levels of circulating EPCs in breast cancer patients increase with tumor progression [58] and the hypothesis that the levels of EPCs in tumor vasculatures is partly dependent upon the stage of tumor growth [5, 6, 20, 33] . We also found that metastatic breast cancer displayed intra individual differences in EPC count in primary and lymph nodes from the same patient (15.3% vs. 68.3%, Supplemental Table 2 ), which may be due to differences in the nature and level of angiogenic factors expressed by the tumors (Supplemental Fig. 16A ) or other cells in the local environment. Unlike the DCIS, welland poorly-differentiated ductal tumors, the invasive DCIS and metastatic human breast tumors aberrantly expressed G-CSF and Her2/neu, down-regulated ER, VEGF-A and CD31 expressions, and spread to other organs (Supplemental Table  1 and supplemental Figs. 16A, 19A & 19B) . Similarly, the mouse mammary carcinomas aberrantly expressed Her2/neu and G-CSF, inhibited the expressions of ER and CD31 (Supplemental Table 3 and Supplemental Fig. 14) , and spread to the lungs. Since loss of ER and CD31 expressions and spread to other organs are characteristic of advanced stage and aggressive breast tumors [59] , these data suggest that the same mechanisms are operational in the metastatic human breast tumors and the murine carcinomas, and that the murine carcinomas accurately mimic the late stage human tumors. These results also suggest that the dramatic differences between the percentages of EPCs in the early and late stages of human breast carcinomas may be due to the differences in tumor stages as previously reported in prostate tumors [20] . Similarly, the striking differences between the percentages of EPC in the early stages of human carcinomas and animal carcinomas are likely to be due to the differences in tumor stages and not the different markers used to identify the human and mouse EPCs. Besides, these data provide evidence that high EPC score in breast cancer patients may be indicative of a progressive disease [43, 58] .
However, the high numbers of EPCs in vasculatures of the late stage human breast tumors in the present study contrasts with the findings of Peters et al. [23] who observed that EPCs make up only 1% to ~12% of the endothelial cells in the blood vessels of diverse human tumors including thyroid, mucoepidermoid, and osteogenic carcinomas, spindle cell carcinoma of head and neck, and lymphomas. The differences between these results may be due to various reasons including differences in the tumor type, actions of estrogens, the predominant angiogenic modulator(s) expressed by the tumor cells, and markers used to identify EPCs. For example, unlike the human tumor types investigated by Peters et al. [23] , breast cancer is a sex organ tumor whose development, blood supply, and growth are influenced by ovarian hormones [56, 60] . In the present study, we demonstrated that inhibition of estradiol signaling decreased the level of EPCs in MGCa vasculatures, consistent with the report that estrogen increases bone-marrow-derived EPC production [55] . The high numbers of EPCs found in the present study may also be due to G-CSF production by the tumor cells since the suppression of the expression of this cytokine in the 4T1 model significantly decreased the percentages of EPCs in the circulation and 4T1 tumor vasculatures to the 1-5 percent range observed in vessels of normal human tissues [22, 61] and prostate cancer [20] . Similar to our results in supplemental Fig. 2A -2D , Peichev et al. [34] have also demonstrated that EPCs (but not terminally differentiated ECs) express CD34 and CD133, indicating that the use of CD45 -/vWF + feature alone to identify EPCs in human tumor vasculatures may underestimate the numbers of EPCs within tumor vessels.
The factors which generate bone marrow-derived EPCs in tumor-bearing hosts are under intense investigation. Several studies show that VEGF-A, an angiogenic factor that is expressed in normal and transformed breast tissues [50, 51] , induces EPCs mobilization and differentiation into ECs [7, 33] . The observation that VEGF inhibitors such as endostatin and bevacizumab suppress EPC recruitment and vascularization in mice [52] and patients with colorectal cancer [44, 45] has strengthened the belief that VEGF plays a critical role in EPC generation and tumor vascularization. However, we did not detect VEGF-A expression in the metastatic human breast tumors whose vasculatures exhibited very high numbers of EPCs (Supplemental Figs. 16A & 16B and Supplemental Table 2 ). Instead, the tumors expressed G-CSF. Mouse MGCas also expressed G-CSF and the size of the tumors and microvascular densities correlated with EPCs levels in both the peripheral blood and tumor vasculatures. Several other investigators have shown that exogenous G-CSF administration increases the levels of circulating EPCs, ECs, and angiogenesis in adult, tumor-free human subjects and mice [7, 33, 62] , as well as the growth of fibrosarcoma, colon and lung cancers in animal models [63] [64] [65] [66] . Similar to our results, Beerepoot et al. [43] and Fürstenberger and coinvestigators [67] have also shown that the levels of circulating endothelial cells (CECs) are higher in breast cancer patients when compared to healthy subjects. Additionally, Beerpoot et al. found that the levels of CECs in breast and other cancer patients with progressive disease correlated with levels of therapeutic G-CSF and chemotherapy, but not with the plasma levels of VEGF, SCF, or other cytokines and growth factors frequently reported to mobilize EPCs [4, 7, 41] . Therefore, it likely that the tumor-derived G-CSF played a key role in the high numbers of EPCs in the vasculatures of the human breast carcinomas.
Physiologic concentrations of G-CSF are required for normal hematopoietic stem cell proliferation and differentiation, granulopoiesis, and neutrophil functions [53, 54] . G-CSF gene transfer also exerts an anti-tumor immune effect when expressed at physiological doses by tumor cells as a component of cancer vaccines [68] . These properties are exploited in the clinical use of this hematopoietic growth factor in a broad variety of clinical settings, including its use to mobilize peripheral blood stem/ progenitor cells and dendritic cells for transplantation in breast and other cancer patients undergoing high dose chemotherapy or radiotherapy regimen [53, 54, [69] [70] [71] , and in patients with coronary artery disease [62] . On the other hand, short-term administration of GCSF is reported to induce osteoporosis in healthy human subjects, cancer patients, and mice [72] . More recent studies have also shown that excessive amounts of G-CSF and/or chronic exposure to this glycoprotein (as it may occur during aberrant and constitutive production by tumor cells) induces myeloid suppressor (Gr-1 + /CD11b + ) cells [40, 65] , which exert immune suppressive effects in cancer patients and mice [73, 74] . Thus, our data highlight the need to test for the expression of G-CSF in women with breast tumors where immune suppression, osteoporosis, bone metastasis or resistance to chemotherapy is a prominent feature.
Clinical trials show that current anti-VEGF therapies only produce modest improvement in the overall survival of cancer patients [75] . One of the main reasons for this limited efficacy is the propensity for malignant tumors to switch to production of other angiogenic molecules [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] . In the present study, we show that advanced stage breast tumors and mouse carcinomas expressed G-CSF and that inhibition of the cytokine in the 4T1 model prolonged the survival of the tumor-bearing mice. Richard Stanley and his colleagues have also demonstrated that antibody to colony-stimulating Factor-1 (CSF-1), a family member of G-CSF, inhibited the growth and reversed chemoresistance of human MCF-7 breast cancer xenografts [76] . Together, these findings suggest that G-CSF or CSF-1 expressed by human breast tumors may contribute to the growth and progression or chemoresistance of the tumors and that suppression of these cytokines could improve their prognosis.
In summary, we have demonstrated for the first time that high numbers of CD34 + /CD133 + EPCs integrate into vasculatures in naturally occurring human breast tumors. Furthermore, we show that advanced stage human breast tumors and mouse MGCas aberrantly expressed G-CSF and that suppression of the MGCa-derived G-CSF significantly decreased the levels of tumor EPCs, MVD and growth, and prolonged the survival of the tumor-bearing animals. These data suggest that EPCs may significantly contribute to neovascularization and progression in human breast tumors and those patients with G-CSF-secreting breast tumors may benefit from angiotherapeutic protocols that inhibit G-CSFmediated tumor vascularization.
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